The development of effective and reusable photocatalysts with broad-spectra activity has attracted attention. Herein, we have constructed n-TiO 2 /p-Ag 2 O junction on carbon fiber (CF) cloth as an efficient and recyclable photocatalyst. With CF cloth as the substrate, TiO 2 nanorods (length: 1-2 µm) are prepared by a hydrothermal process, and the in-situ growth of Ag 2 O nanoparticles (10-20 nm) is then realized by chemical bath deposition route. The flexible CF/TiO 2 /Ag 2 O cloth (area: 4 × 4 cm 2 ) shows a broad and strong photo-absorption (200-1000 nm). Under the illumination of visible-light (λ > 400 nm), CF/ TiO 2 /Ag 2 O cloth can efficiently eliminate 99.2% rhodamine B (RhB), 99.4% acid orange 7 (AO7), 87.6% bisphenol A (BPA), and 89.5% hexavalent chromium (Cr 6+ ) in 100 min, superior to CF/Ag 2 O cloth (83.5% RhB, 60.0% AO7, 31.2% BPA and 41.8% Cr 6+ ). In particular, under the NIR-light illumination (980 nm laser), CF/TiO 2 /Ag 2 O cloth can remove 70.9% AO7 and 60.0% Cr 6+ in 100 min, which are significantly higher than those by CF/Ag 2 O cloth (19.8% AO7 and 18.9% Cr 6+ ). In addition, CF/TiO 2 /Ag 2 O cloth (diameter: 10 cm), as a filter-membrane, can effectively wipe off 94.4% flowing RhB solution (rate: ~ 1 L h − 1 ) at 6th filtering/degrading grade. Thus, CF/TiO 2 /Ag 2 O cloth can be used as a Vis-NIR-responded filtermembrane-shaped photocatalyst with high-efficiency for purifying wastewater.
Introduction
Solar energy is considered as a vital resource because it is clean and inexhaustible. To enhance the utilization of solar energy for solving global energy shortage and environmental pollution problems, a lot of technologies have been developed [1] . Among these technologies, photocatalysis has been proven as an efficient, low-toxic and promising water purification technique [2] [3] [4] [5] . TiO 2 is a representative and widely used semiconductor nanomaterial for water purification [6, 7] . However, TiO 2 , with a wide band-gap of 3.2 eV, is only excited under ultraviolet (UV) light which occupies only 5% of the total solar spectrum [8] [9] [10] . Naturally, modifying TiO 2 , which can absorb lower-energy spectra, is the research hotspot to develop the novel photocatalysts, particularly on the extension of the spectral response to the visible-light region [11] [12] [13] . To realize this aim, the decoration of TiO 2 with other semiconductor has been developed, such as TiO 2 / Bi 2 WO 6 [14] , TiO 2 /MoS 2 [15] , etc. However, near-infrared (NIR) light that occupies about 50% of solar light energy remains beyond efficient use. Thus, it is essential to develop the NIR-responsive photocatalysts.
To harness NIR light for photocatalytic applications, three types of NIR-responsive photocatalytic materials have been used to couple with wide band-gap semiconductors. The first type is NIR responsive dye. For instance, indole-based organic dye (LI-4) sensitized g-C 3 N 4 displays a broad photo-absorption (400-800 nm) and exhibits higher photocatalytic ability than g-C 3 N 4 in the Vis-NIR regions [16] . The second type is up-conversion materials, which can convert NIR light to UV or visible light. For example, in NaYF 4 :Yb, Tm@ZnO system, NaYF 4 :Yb, Tm can convert NIR light to UV light for irradiating ZnO to produce carriers [17] . The third type is narrow band-gap semiconductors (e.g., Ag 2 S (E g : ~ 0.92 eV) [18] , Ag 2 O (E g : ~ 1.2 eV) [19] ). For example, several such kinds of semiconductor heterojunctions have been constructed, such as Ag 2 S/CdS [20] , TiO 2 /Ag 2 O [21] . These heterojunctions display enhanced NIR photocatalytic performance compared with the single component. However, recycling these powder-shaped semiconductor materials is high-cost and difficult. Thus, exploiting easily recyclable and Vis-NIR-responsive photocatalysts has become a significant task.
Carbon fiber (CF) has received extensive attention owing to its excellent flexibility, high strength and conductivity [22] . With CF bundles or cloth as the substrate, our group has reported CFs/TiO 2 /MoS 2 [23] , CFs/TiO 2 /Bi 2 WO 6 [24] as weaveable photocatalyst, and developed CF/MoS 2 /CdS cloth [25] , CF/C 3 N 4 cloth [26] as filter-membrane-shaped photocatalysts, which could be floated on wastewater to degrade various pollutants and recycled easily. However, these flexible photocatalysts can only absorb UV-Vis light. To broaden the photoabsorption to NIR region, herein we constructed n-TiO 2 /p-Ag 2 O heterojunction on CF cloth as Vis-NIR photo-responded filter-membrane-shaped photocatalyst. Under the Visible (λ > 400 nm) or NIR (980 nm) light illumination, CF/TiO 2 /Ag 2 O cloth shows much better photocatalytic performance than CF/TiO 2 or CF/Ag 2 O cloths.
Materials and Methods

Synthesis of CF/TiO 2 Cloth
Materials and chemicals are shown in Supporting Information. The growth of TiO 2 nanorods on CF cloth was realized by a dip-coating-hydrothermal method, according to our previous report [27] .
Synthesis of CF/TiO 2 /Ag 2 O Cloth
Ag 2 O nanoparticles were deposited on CF/TiO 2 cloth by a chemical bath deposition route. AgNO 3 (3 mmol) was dissolved into deionized water (50 mL) as solution A, and NaOH (10 mmol) was dissolved into deionized water (50 mL) as solution B. CF/TiO 2 cloth was immersed into solution A for 15 s, and washed by water. Subsequently, CF/TiO 2 cloth was immersed into solution B for 15 s, and washed by water again. This whole progress was named as 1 cycle, which was repeated for 10 cycles. The obtained cloth was washed by deionized water and dried in a vacuum. For comparison, CF/Ag 2 O cloth was also prepared with CF cloth as a substrate under the same conditions. Ag 2 O powder was prepared via a co-precipitation approach [28] . The characterizations of different cloths are shown in Supporting Information.
Measurements of Photocatalytic Activity
To study degradation ability, four types of photocatalysts (CF, CF/TiO 2 , CF/Ag 2 O and CF/TiO 2 /Ag 2 O cloths) with area of 4 × 4 cm 2 were used to degrade the solution (100 mL) with rhodamine B (RhB) (10 mg L − 1 ), acid orange 7 (AO7) (10 mg L − 1 ), bisphenol A (BPA) (10 mg L − 1 ) as the model of organic pollutants, or reducing the solution (100 mL) with hexavalent chromium (Cr 6+ ) (10 mg L − 1 ) as the heavy metal model. These aqueous solutions were irradiated by 300 W xenon lamp as the visible light source or 980 nm laser as the NIR light source.
For evaluating the efficiency of CF/TiO 2 /Ag 2 O cloth for photodegrading the flowing wastewater, a reactor was devised based on our previous report [26] . CF/TiO 2 /Ag 2 O fabric (diameter: 10 cm), as a photocatalytic filtering membrane, was fixed inside of photocatalytic reactor, several these reactors were connected to construct a multi-grade photocatalytic system. The flowing RhB aqueous solution (10 mg L − 1 ) was forced to flow from the bottom of the reactor to go through the membrane with a speed of 1 L h − 1 , and then flow into the next reactor, finally into the 6th reactor. After the photocatalytic reaction, from every reactor 1 mL suspension was collected. Dark control and other cloths (CF, CF/TiO 2 and CF/Ag 2 O) were also studied with the similar conditions.
Results and Discussion
Synthesis and Characterization
n-TiO 2 /p-Ag 2 O heterojunction was synthesized on CF cloth through a hydrothermal-chemical bath deposition way ( Fig. 1 ). The first process is the growth of TiO 2 nanorods on CF cloth (step 1 in Fig. 1 ). The color of pure CF cloth (area: 4 × 4 cm 2 ) is black ( Fig. 2a ). CF cloth is composed of numerous CF bundles, and each bundle consists of ~ 1000 CFs (Fig. 2b ). In addition, SEM image ( Fig. 2c) shows that the diameter of CF bunch is about 12 µm. After the growth of TiO 2 nanorods on CF cloth, the color of cloth turns to grey-white ( Fig. 2d ). The cloth is also weaved with many CF bunches and there is a coating on CFs (Fig. 2e ). The average diameter of CFs increases to 13.5 ± 0.5 µm (the inset of Fig. 2e ). High-magnification SEM image displays that the coating consists of nanorods (diameter: ~ 200 nm, length: 1-2 µm), which suggests the growth of TiO 2 (Fig. 2f ) and is similar to our previous report [27] .
The second process is to decorate Ag 2 O on CF/TiO 2 cloth via a chemical bath deposition strategy (step 2 in Fig. 1 ). After the growth of Ag 2 O, its color turns from grey-white to brown ( Fig. 2g ). SEM image of single fiber (the inset of Fig. 2h ) demonstrates that the average diameter is about 14 µm, and the surface coating becomes more compact (Fig. 2h ). High-magnification SEM image exhibits that the surface of TiO 2 nanorods is uniformly decorated with plenty of small nanoparticles (diameter: ~ 10 nm) ( Fig. 2i ). These nanoparticles should be Ag 2 O according to the previous research [29] . Ag 2 O nanoparticles are well dispersed on the To study the structure, n-TiO 2 /p-Ag 2 O powder was scraped from the as-prepared cloth and then analyzed by TEM. TEM image ( Fig. 3a) shows single nanorod with diameter of ~ 200 nm and length of 1-2 µm. On the surface of the nanorod, there are small nanoparticles with diameters of ~ 10 nm (Fig. 3b ). High-resolution TEM image ( Fig. 3c ) of nanoparticles displays a clear lattice pitch of 0.272 nm, attributing to (111) crystallographic planes of cubic Ag 2 O (JCPDS 41-1104) [31] . Besides, HR-TEM image (Fig. 3d ) indicates that the interlayer spacing of nanorods is 0.324 nm, corresponding to the (110) crystallographic planes of rutile TiO 2 (JCPDS 21-1276) [32] . In addition, EDS spectrum reveals that n-TiO 2 /p-Ag 2 O heterojunction consists of Ti, Ag and O elements ( Fig. 3e 2p and O 1 s, demonstrating the existence of Ag, Ti and O elements. To further investigate the electron transfer pathway, the high-resolution XPS peaks are provided. For comparison, TiO 2 and Ag 2 O powder were also investigated. In Ag 3d spectra ( Fig. 5a ), Ag 2 O powder exhibits two strong peaks at 368.3 and 374.2 eV, attributing to Ag 3d 5/2 and Ag 3d 3/2 of Ag + in Ag 2 O, respectively [33] . Peaks of Ag 3d 5/2 and Ag 3d 3/2 in CF/TiO 2 /Ag 2 O cloth are respectively appeared at 368.4 and 374.5 eV, with a positive shift (0.1 or 0.3 eV) compared with those of Ag 2 O powder. In Ti 2p spectra (Fig. 5b ), TiO 2 powder shows two peaks at 458.7 and 464.5 eV which can be corresponded to the typical binding energies for Ti 2p 1/2 and Ti 2p 3/2 from Ti 4+ oxidation state [34] . For CF/TiO 2 /Ag 2 O cloth, Ti 2p 1/2 and Ti 2p 3/2 peaks are located at 459.1 and 464.9 eV, yielding a positive shift of 0.4 eV. It has been reported that the positive shift originates from the reducing of electron density [35] . Therefore, these positive shifts suggest the decline of electron density in Ag 2 O and TiO 2 , which should result from that conductive CF cloth acts as the electron acceptors and transporters. Thus, one can conclude that, electron transfer from Ag 2 O to TiO 2 and then to CF.
Optical and Photoelectrochemical Measurements
The optical properties of cloths (CF, CF/TiO 2 , CF/Ag 2 O and CF/TiO 2 /Ag 2 O) were investigated by UV-Vis-NIR ( Fig. 6) . CF cloth shows a broad photoabsorption (200-1400 nm, Fig.  S2 ), according to the efficient scattering/absorption of light among cloth's texture and pore structure [22] . In addition, CF/TiO 2 cloth exhibits a steep absorption edge at ~ 390 nm, corresponding to wide band-gap (~ 3.2 eV) energy of TiO 2 [36] . CF/Ag 2 O cloth shows a broad light absorption, and the absorption edge extends to ~ 1000 nm, which results from the narrow band-gap (~ 1.2 eV) of Ag 2 O [37] . After the decoration of Ag 2 O nanoparticles, CF/TiO 2 /Ag 2 O cloth has a broad photoabsorption with an edge at ~ 1000 nm, which is similar to that of CF/Ag 2 O cloth. The above facts suggest that CF/TiO 2 /Ag 2 O cloth reveals a wide photoabsorption and has huge potential as high-efficiency Vis-NIR photocatalyst.
The photocurrent response characteristics (Fig. 7a) [38] , and the EIS of three cloths were analyzed (Fig. 7b ). Obviously, CF/TiO 2 / Ag 2 O cloth exhibits the smallest arc diameter compared with that of CF/TiO 2 cloth or CF/Ag 2 O cloth, resulting from the enhanced charge transfer ability. In conclusion, CF/TiO 2 / 
Photocatalytic activity
The photodegradation activity of photocatalysts (CF, CF/ TiO 2 , CF/Ag 2 O and CF/TiO 2 /Ag 2 O cloths) was investigated via photodegrading 100 mL various organic pollutions (10 mg L − 1 RhB, 10 mg L − 1 AO7, 10 mg L − 1 BPA) and reducing 100 mL heavy metal (10 mg L − 1 Cr 6+ ). Xenon lamp was used as the visible-light source and 980 nm laser was used as the NIR-light source, respectively. RhB and AO7 were chosen as model dyes. The solution was performed for 60 min in dark to get the adsorption/desorption equilibrium between photocatalysts and pollutants. Pure CF, CF/ TiO 2 and CF/Ag 2 O cloths can adsorb 1.8%, 6.3%, 11.2% of RhB in dark respectively, while the adsorption efficiency of RhB by CF/TiO 2 /Ag 2 O cloth can reach 17.2% (Fig. 8a) (Fig. 8b) . Under visiblelight illumination, CF/TiO 2 /Ag 2 O cloth can remove 99.4% of AO7 after 100 min, obviously superior to those of CF/TiO 2 (7.2%) and CF/Ag 2 O (60.0%) cloths. These facts reveal that CF/TiO 2 /Ag 2 O cloth has the highest photocatalytic activity.
To conclude whether the elimination is associated with photocatalytic reaction instead of dye sensitization, colorless BPA and Cr 6+ were used as target pollutants. BPA, as a xenon-estrogen, is widely used in the production of various polymer materials [5] . Herein, BPA was chosen as the non-dye pollutants to evaluate the photocatalytic ability of various cloths (Fig. 8c) In addition, Cr 6+ as typical toxic heavy metal was used to investigate the photocatalytic ability of different cloths [39] (Fig. 8d ). In dark, CF/TiO 2 , CF/Ag 2 O and CF/TiO 2 /Ag 2 O cloths can adsorb 7.8%, 16.2% and 18.3% of Cr 6+ , respectively. Under visible-light illumination, CF/TiO 2 /Ag 2 O cloth can eliminate 89.5% of Cr 6+ , obviously better than those by CF/TiO 2 (8.3%) and CF/Ag 2 O (41.8%) cloths after 100 min. The experiment data reveal that CF/TiO 2 /Ag 2 O cloth has great photocatalytic performance on the degradation of various organic pollutions and reduction of poisonous heavy metals from wastewater with visible-light illumination.
As revealed in optical spectra (Fig. 6 ), CF/TiO 2 /Ag 2 O cloth shows a broad-spectrum absorption range (200-1000 nm). 980 nm laser was used to measure the impact of NIR light on photocatalytic ability. In dark, CF/TiO 2 , CF/Ag 2 O and CF/TiO 2 /Ag 2 O cloths can adsorb 5.7%, 9.8% and 10.0% of AO7, respectively. Under the NIR-light illumination, the NIR photocatalytic ability of CF/TiO 2 cloth is negligible. With CF/Ag 2 O cloth as the photocatalyst, 19.8% of AO7 can be degraded. Interestingly, CF/TiO 2 /Ag 2 O cloth shows the highest removal efficiency (70.9%) in these three cloths (Fig. 9a ). In addition, with Cr 6+ as the target pollutant, the adsorption efficiency of CF/TiO 2 , CF/Ag 2 O and CF/TiO 2 / Ag 2 O cloths can reach 6.6%, 9.2% and 11.6%, respectively. Under the NIR-light illumination, NIR photocatalytic activity of CF/TiO 2 cloth can be ignored after 100 min, and CF/ Ag 2 O cloth can reduce 18.9% of Cr 6+ . Particularly, CF/TiO 2 / Ag 2 O cloth can reduce 60.0% of Cr 6+ in 100 min, which is better than that of CF/Ag 2 O cloth (18.9%) (Fig. 9b) . The enhanced NIR photocatalytic ability of CF/TiO 2 /Ag 2 O cloth should come from wide photoabsorption range (200-1000 nm) ( Fig. 6 ) and the effective separation of photo-generated electrons and holes (Fig. 7) .
To further study the active species during the photocatalytic degradation, several different scavengers were added to the RhB solution (10 mg L − 1 , 100 mL) with CF/TiO 2 /Ag 2 O cloth. Typically, silver nitrate (AgNO 3 ), ammonium oxalate (AO), benzoquinone (BQ) and isopropyl alcohol (IPA) were used to capture photogenerated electrons (e − ), holes (h + ), superoxide radical anion (·O 2 − ) and hydroxyl radicals (·OH), respectively [40] . Obviously, when the BQ or AO are used, the removal efficiency of RhB sharply decreases from 99.2% (no scavenger) to 30.8% (BQ) or 38.2% (AO) (Fig. 10a) . Meanwhile, the rate constants are only 0.00369 min − 1 (BQ) or 0.00428 min − 1 (AO) (Fig. 10b) , indicating that the ·O 2 − and h + played a much remarkable role in the photodegradation. In contrast, with the addition of the IPA or AgNO 3 , photocatalytic activity exhibits a weak suppression after 100 min. The above facts indicate that ·O 2 − and h + are the main reactive species during degrading RhB by CF/TiO 2 /Ag 2 O cloth.
Besides, the stability of CF/TiO 2 /Ag 2 O cloth was tested by photodegrading the RhB solution (10 mg L − 1 , 100 mL) under the visible-light illumination (Fig. 10c ). After five cycling runs, photocatalytic removal ability is still at 90%, confirming that CF/TiO 2 /Ag 2 O cloth has excellent photocatalytic stability. In addition, to further investigate the stability of CF/TiO 2 /Ag 2 O cloth, the used CF/TiO 2 /Ag 2 O cloth after five cycle tests were also further investigated. XRD pattern (Fig. 10d ) is similar to that of the initial cloth, which confirms that there are no obvious changes in the crystalline phase of CF/TiO 2 /Ag 2 O cloth. XPS spectra (Fig. S3 ) reflect that there is no metallic Ag in n-TiO 2 /p-Ag 2 O heterojunction. Besides, SEM images ( Fig. S4) show that CF/TiO 2 / Ag 2 O cloth still remains the original structure and morphology after photocatalytic reaction. Thus, CF/TiO 2 /Ag 2 O cloth shows great recyclability for eliminating contaminants from wastewater.
The wastewater in practical production is usually flowing, and its purification has attracted widespread attention. To treat this issue, CF/TiO 2 /Ag 2 O fabric (diameter: 10 cm), as a photocatalytic filtering membrane, was fixed inside the photocatalytic reactor (Fig. 11a) . Several reactors were connected to construct a multi-grade photocatalytic reactor (Fig. 11b ). The flowing RhB aqueous solution (10 mg L − 1 ) flow from the bottom of the reactor to go through the membrane, and then flow into the next reactor with a speed of 1 L h − 1 . In dark, the removal efficiency of RhB is poor. Under visible-light illumination, RhB is hard to be eliminated by pure CF cloth. The photocatalytic system using CF/TiO 2 Fig. 10 The removal efficiency (a) and rate constants (b) for RhB photodegradation (10 mg L − 1 , 100 mL) in the presence of BQ, AO, IPA or AgNO 3 (Fig. 11c) . The facts reveal that CF/TiO 2 /Ag 2 O cloth can be applied as filtering membrane to photodegrade flowing wastewater efficiently.
Photocatalytic Mechanism
The above photocatalytic results confirm that CF/TiO 2 /Ag 2 O cloth exhibits higher photocatalytic activity than CF/TiO 2 and CF/Ag 2 O cloths, which should result from the formation of n-TiO 2 /p-Ag 2 O junction. To study the surface charge transfer in the junction, we calculated the work function of Ag 2 O and TiO 2 by using the plane-wave pseudopotential method implemented in the CASTED code [41] . The work function of Ag 2 O is 5.474 eV, while the work function of TiO 2 is 6.234 eV (Fig. 12) . Thus, the photogenerated electrons of Ag 2 O can transfer to TiO 2 .
Based on the XPS result ( Fig. 5 ), photoelectrochemical measurements ( Fig. 7) , work function ( Fig. 12 ) and energy band structure [42] , the photocatalytic mechanism of CF/ Fig. 11 The diagrams of a one photocatalytic reactor and b series-wound reactors for degrading flowing RhB solution, c concentration decay curve from RhB versus the reaction grade Fig. 12 The work function and crystal structure of TiO 2 (110) and Ag 2 O (111) TiO 2 /Ag 2 O cloth is proposed as follow ( Fig. 13 ). It is wellknown that a p-n junction forms between Ag 2 O and TiO 2 , due to the internal electric potential for directing the charge carriers to move oppositely [42] . When CF/TiO 2 /Ag 2 O cloth is illuminated by visible or NIR light, only the electrons in the valence-band (VB) of Ag 2 O can be excited. The electrons will transfer from the conduction-band (CB) of p-type Ag 2 O to the CB of n-type TiO 2 , and then transfer to CF, which is consistent with the results of XPS spectra of Ag 3d and Ti 2p, while the holes are retained on the VB of p-type Ag 2 O. The electrons contacted with O 2 can produce ·O 2 − to oxidize organic pollutants. Simultaneously, the holes will directly oxidize organic pollutants. Consequently, the separation efficiency of the photo-generated carriers is remarkably improved by the formation of the n-TiO 2 /p-Ag 2 O heterojunction, enhancing the degradation ability of CF/TiO 2 / Ag 2 O cloth for removing various pollutions.
Conclusion
In summary, the growth of n-TiO 2 /p-Ag 2 O heterojunction on CF cloth has been realized by a hydrothermal-chemical bath deposition method. And the as-prepared CF/TiO 2 /Ag 2 O cloth exhibits excellent flexibility and Vis-NIR light responsive ability. Importantly, under the visible or NIR light, CF/ TiO 2 /Ag 2 O cloth shows the improved photocatalytic performance compared with CF/TiO 2 or CF/Ag 2 O cloth. Furthermore, the cyclic tests reveal that CF/TiO 2 /Ag 2 O cloth shows great stability. Therefore, this study inspires new insight to the development of flexible, recyclable and Vis-NIR-lightdriven photocatalysts for eliminating pollutants in flowing water.
